In reinforced concrete elements strengthened with fiber-reinforced polymer sheets, premature debonding of the fiber-reinforced polymer from the concrete substrate occurs due to lack of anchorage, which reduces the efficiency of the retrofitting system. This article reviews several common anchor systems and describes the development, optimization, and testing of a steel tube anchor in retrofit of reinforced concrete structural elements using externally bonded fiber-reinforced polymer sheets suitable for application to improve resistance against extreme load conditions (e.g. blast, impact, or an earthquake). A detailed review of common anchor designs including the proposed tube anchor based on previous studies on flexure-dominated fiberreinforced polymer-strengthened reinforced concrete shear walls is presented. In this study, finite element analysis is conducted to verify the observed behavior and better understand the deformation mechanisms of the tube anchor. Finite element modeling is then used to evaluate the influence of different design parameters on its performance and propose a design methodology that can be used to optimize the tube anchor design. To verify the performance of the optimized tube anchor, it is tested in an experimental program on the inplane seismic strengthening of two shear-dominated squat walls strengthened using fiber-reinforced polymer sheets. Experimental results reveal that the optimized tube anchor performs well in preventing premature debonding and allows the fiber-reinforced polymer composite to achieve a higher level of strain when compared to an alternative anchor system. Finally, a set of design steps for the implementation of the tube anchor in fiber-reinforced polymer retrofit applications for reinforced concrete shear walls are presented.
Introduction
The use of fiber-reinforced polymer (FRP) sheets in the retrofit of existing reinforced concrete (RC) structures has increased significantly over the past two decades. Specifically, the use of advanced composite materials for retrofit of RC structures against extreme loads from earthquakes, blast, and impact has become commonly accepted as a viable alternative to other existing retrofit methods. The advantages of repair and strengthening schemes using externally bonded FRP sheets include its ease of application, high strength-to-weight ratio, and resistance to environmental degradation. When externally bonded FRP sheets are used in the retrofit of RC members (e.g. beams, columns, slabs, and walls), the optimal failure mode is controlled by concrete crushing and/or FRP rupture after yielding of the flexural steel reinforcement (Grelle and Sneed, 2011) . However, it has been extensively reported in the literature that under static, cyclic, and dynamic loading, failure of the retrofitted member because of debonding or separation of the FRP laminate from the concrete substrate happens well before the FRP material reaches its ultimate tensile capacity, preventing the retrofitted member from achieving its full potential load resisting capacity (Buchan and Chen, 2007; Cruz-Noguez et al., 2014; Hiotakis et al., 2004; Lombard et al., 2000; Pham and Hao, 2016; Teng et al., 2002) .
To address this issue, a number of anchor systems have been developed with the common goal of improving the strength of the retrofitted member by allowing higher stresses to be carried by the FRP composite as well as preventing, or at least delaying, debonding failures in RC members retrofitted using externally bonded FRP sheets. Although the majority of studies on FRP anchor systems have been tested under static load, there have been studies reported in the literature of FRP anchor systems tested under cyclic load as representative of earthquake load effect, and dynamic load from an earthquake, blast, or impact. For example, static tests on the FRP retrofit of RC beams and slabs by Khalifa et al. (1999) , Smith et al. (2011) , Attari et al. (2012) , and Ali et al. (2014) among others have found that optimal design performance of an FRP retrofit can be achieved when anchorage is provided. Furthermore, cyclic load tests by Lombard et al. (2000) , Hiotakis et al. (2004) and dynamic shake table tests by El-Sokkary et al. (2012) on the FRP retrofit of RC shear walls recommend that special attention be taken to providing sufficient FRP anchorage in RC shear walls seismically strengthened or repaired with externally bonded FRP sheets to prevent premature debonding failures. In blast and impact FRP retrofit scenarios, there are mixed conclusions on the importance of FRP anchorage. However, reviews of the literature by Buchan and Chen (2007) and Pham and Hao (2016) have found that anchor systems can play an important role in improving the performance of the FRP retrofit, but suggest that more research is required in this area to fully understand their contribution to the strength of the retrofitted member. In addition, Canadian and American design standards for the application of FRP composites in RC structures (CSA S806-02, ACI 440.2R-08) also acknowledge that anchor systems can be used to ensure development of the strength of the FRP at the section (ACI, 2008; CSA, 2002) . However, both standards also suggest that the effectiveness of such anchor systems and the level of stress they allow to develop in the FRP laminate must be substantiated through experimental testing and provide no specific recommendations on the analysis, design, and implementation of an anchor system.
In this article, the mechanics of different anchorage scenarios encountered in RC structures are described and a review of several commonly employed anchor systems in the FRP retrofit of RC structures is conducted. To overcome the performance deficiencies identified in these anchor systems, a concentric tube anchor that is designed to allow the FRP composite to reach its ultimate fracture strength and prevent premature FRP debonding is presented. A feasibility study on the proposed steel tube anchor system has been previously conducted by Hiotakis et al. (2004) . Results of this study found that the preliminary design of the steel tube anchor system performed well based on tests of flexure-dominated RC shear walls; however, Hiotakis et al. (2004) recommended that the tube anchor system be optimized for future studies to improve its design efficiency and costeffectiveness. In this study, finite element modeling of the steel tube anchor systems is conducted to investigate its behavioral mechanisms and evaluate the influence of different design parameters on its performance. Using the analytical models, a new design methodology and a set of design steps for the tube anchor system in FRP retrofit applications are presented. The performance of the optimized tube anchor is validated through experimental testing in a study on the in-plane seismic retrofit of two FRP-strengthened RC squat walls governed by brittle shear failure.
Anchorage in FRP retrofit of RC structures
The design of an anchor system and its role in the FRP retrofitting system depends on the application. For example, in flexurally strengthened RC beams, the FRP sheets must be provided with the appropriate development length to ensure they are capable of reaching their design stress prior to debonding. In this retrofit scenario, the maximum stress in the FRP typically occurs at mid-span and the orientation of the FRP fibers coincides with the direction in which the development length can be provided; although an anchor system can reduce the required development length and improve the performance of the FRP retrofit by delaying FRP-concrete debonding, particularly at the termination of the FRP sheet, it is not a requirement for increasing the flexural strength of the retrofitted beam. In the shear strengthening of a RC beam, which is illustrated in Figure 1 , the vertically oriented FRP fibers meet the adjacent supporting floor slab at a 90° angle. Although the maximum stress occurs at mid-depth of the beam section, the depth of the beam is often not sufficient to fully develop the stress in the FRP sheet and an anchor system can be provided to develop the stress in the FRP sheet and improve the shear strength of the retrofitted beam.
Alternatively, in RC shear walls flexurally strengthened with vertical FRP sheets, the location of maximum stress in the FRP sheet is at the base of the wall, where the wall connects with the adjacent supporting structural element (floor slab), typically at an angle of 90° (Figure 1 ). In this case, development length cannot be relied upon to transfer the load carried by the vertical FRP sheets to the adjacent supporting structural element and an anchor system must be provided to increase the flexural strength of the retrofitted wall. Strictly speaking, an anchor is only required in the latter retrofitting scenario to ensure the FRP contributes to the load-carrying capacity of the member. However, the implementation of an effective anchor in all three applications can prevent premature separation of the FRP sheet from the concrete substrate, allowing the FRP material to achieve comparatively higher levels of stress and utilize a greater portion of its high strength capacity and thus increasing the efficiency of the FRP retrofit. 
Load resisting mechanisms
As proposed by Grelle and Sneed (2011) , anchor systems are capable of achieving effective performance through one or more of the following design principles, depending on the intended application of the anchor: (1) reducing the required development length, (2) resisting tensile forces developed within the FRP, or (3) transferring the full force carried by the FRP laminate to an adjacent structural element.
With respect to design principle (1), a technique that researchers have used in the past to increase the available development length is through the use of a U-shaped anchor. U-shaped anchors aim to increase the capacity of FRP retrofitted RC members and prevent premature debonding by increasing the FRP-to-concrete bond length at the end of the FRP sheet. A groove is formed in the concrete on the face of the adjacent supporting structural element into which the FRP sheet is placed ( Figure  2(a) ). After forming the FRP sheet around the groove, it is filled with an epoxy resin. In some cases, a steel or FRP bar is placed inside the groove after placing the FRP sheet to increase the ease of installation. Although U-shaped anchors have been shown to delay premature debonding in both static and blast tests compared with when no anchorage is provided (Carney and Myers, 2003; Ceroni et al., 2008; Khalifa et al., 1999) , their effectiveness in increasing the load-carrying capacity of the retrofitted member is limited and results have shown their use does not prevent premature debonding from occurring. In addition, failure of these types of anchor systems is brittle and nonductile once the FRP material begins to peel from the concrete groove (Kalfat et al., 2013) . Because of these concerns, the U-shaped anchor is not discussed further in detail in this article.
The remaining commonly employed existing anchor systems utilize design principles (2) and (3) and are generally grouped into two categories: mechanical anchor systems and FRP anchor systems. Figure 2 illustrates an anchor system from each of these two categories in addition to the previously discussed U-shaped anchor implemented in the strengthening of a RC shear wall with vertical FRP layers. This retrofitting scenario would be applicable for the in-plane seismic strengthening or out-of-plane blast/impact retrofit of a RC shear wall.
Common anchor systems
FRP anchors, which are sometimes referred to as spike or fan anchors, are fabricated from many strands of carbon or glass fibers. At one end, the fibers are splayed over the FRP sheet and embedded in the composite matrix, as shown in Figure 2 (b) . At the other end, a dowel is formed by bundling the composite fibers together, which is inserted into a hole in the adjacent structural element. Although it has been shown under static and blast loading that fan anchors are capable of significantly increasing the capacity of FRP retrofitted RC members, the failure of fan anchors is sudden and brittle upon rupture of the composite material (Jacques, 2011; Lam and Teng, 2001; Zhang and Smith, 2012) ; a failure mode that should typically to be avoided if the member may be loaded beyond its design load during an extreme loading condition, such as an earthquake or blast.
Alternatively, mechanical anchor systems are designed to transfer the forces carried by the FRP laminate to an adjacent structural element using a steel section. Common steel sections used for mechanical anchors include steel plates and angles. Figure 2(c) shows the typical steel angle anchor implementation at the termination of an FRP sheet. The steel section is bolted at the end of the FRP sheet, which is typically located at the interface between the retrofitted member and the adjacent supporting structural element. Because of ease of construction, the use of a steel mechanical anchor is an attractive alternative to FRP fan anchors because it can be fabricated by non-specialized personnel and are available in an array of material grades and sizes depending on the application. Steel mechanical anchors can also be designed such that the FRP retrofitting system fails in a ductile manner by detailing the steel anchor as a fuse that activates after the retrofitted member reaches the design load, eliminating the potential for undesirable sudden and brittle failure modes. This is particularly important for FRP retrofitted elements subjected to extreme loading. In this scenario, the structural element could be overloaded and the ductile steel mechanical anchor system could act as a fuse, preventing sudden and brittle failure.
Past tests on FRP retrofitted RC beams and walls under in-plane cyclic load and out-of-plane blast loads by Kanakubo et al. (2000) , Hall et al. (2002) , Hiotakis et al. (2004) , and Ehsani and Peña (2009) have demonstrated that a well-designed mechanical anchor can eliminate the potential for premature debonding and allow the designer to take advantage of a greater portion of the high strength capacity of the FRP material. Experimental investigations have also shown that steel mechanical anchorage systems generally provide higher anchorage strength when compared with FRP fan and U-shaped anchor systems (Kalfat et al., 2013) .
To further investigate the attractive benefits of mechanical anchors, this article discusses in detail two mechanical anchors, namely, a steel angle anchor and a new steel tube anchor recently developed by researchers at Carleton University. Feasibility studies on both anchors have been previously conducted by Lombard et al. (2000) and Hiotakis et al. (2004) , which focused on the in-plane strengthening of flexure-dominated RC shear walls using externally bonded FRP sheets for improved earthquake resistance. The behavior and failure mechanisms observed during experimental testing of these two anchor systems are discussed in detail in the following section.
Mechanical anchor systems
Based on observations from previous research on anchor systems under static, cyclic, and dynamic loading, mechanical anchors are an attractive option because of their ability to be designed to fail in a ductile manner, be fabricated by non-specialized personnel, and the common availability of sections in an array of sizes, materials, and geometries.
Steel angle anchor
A common mechanical anchor is a steel angle anchor fabricated from an off-the-shelf steel angle. The steel angle is placed along the end of the FRP sheet and bolted to the adjacent structural element. The angle anchor is designed to transfer the force carried by the FRP sheet through the flange of the angle, which is epoxy-bonded to the FRP sheet and fixed to the adjacent supporting structural element using steel anchor bolts. The angle anchor has been studied in the flexural strengthening of RC shear walls and the shear strengthening of RC beams by Lombard et al. (2000) and Kanakubo et al. (2000) , respectively. In the study by Lombard et al. (2000) , an RC shear wall is flexural strengthened for in-plane seismic load using vertically oriented carbon fiber-reinforced polymer (CFRP) sheets. In this application, the vertical CFRP sheets need to be anchored at the base of the shear wall so that they contribute to the lateral load-carrying capacity of the wall. The role of the anchor in the lateral load resisting mechanism here is similar to that in the case of outof-plane strengthening of a RC or masonry wall for blast/impact resistance.
Observations by Lombard et al. (2000) found that the steel angle anchor actually causes early debonding of the CFRP sheets from the concrete wall before the CFRP material reaches its rupture strength. Figure 3 shows the typical failure progression of the steel angle anchor. Failure of the steel angle anchor occurs because of an eccentricity between the force carried by the FRP sheet and the tie-down reactions of the anchoring bolts that secure the anchor to the adjacent structural element. As the FRP sheet is loaded in tension, the eccentricity between these two forces causes a moment, which results in rotation of the angle flange, referred to as a prying action. During the cyclic response of the wall, the prying action pulls the FRP sheet away from the surface of the concrete wall, causing premature debonding. When the load is reversed, the debonded FRP sheet buckles in compression and fractures along the top edge of the vertical flange, breaking the hardened composite matrix leaving a sharp edge which then cuts the FRP fibers. This behavior effectively reduces the load-carrying capacity of the retrofitted RC member because the FRP sheet ruptures prior to reaching its ultimate capacity in tension, reducing the efficiency of the retrofitting system.
Steel tube anchor
Motivated by the observed prying action of the steel angle anchor, Hiotakis et al. (2004) developed a steel tube anchor that prevents premature debonding by concentrically transferring the forces carried by the FRP sheet to the adjacent supporting structural element. During the installation of the tube anchor, the FRP sheet is wrapped around a steel tube and connected to the adjacent structural element using steel anchor rods installed at a 45° angle. Figure 4 shows the design and failure progression for the steel tube anchor. The design of the tube anchor is based on the pulley principle: as the FRP sheet is loaded in tension, the force carried by the FRP sheet is equated by the tension in the horizontal portion of the FRP sheet, which must be provided with the appropriate development length. By wrapping the CFRP sheet around the tube and placing the anchor bolts in the direction of the resultant load, the eccentricity between the force carried by the FRP sheet and the tie-down reaction from the anchor bolts is eliminated. Even after FRP debonding is initiated above the tube anchor, the lack of sharp edges or stress concentrations at the base of the wall prevents the FRP sheet from fracturing when it buckles in compression. This means that if the load reverses, which is common in both earthquake and blast loading scenarios, the FRP is able to continue carrying load in tension even after FRP-concrete debonding occurs until the FRP sheet ruptures at its ultimate tensile strength. This behavior allows the retrofitted member to achieve a higher loadcarrying capacity and greater efficiency when compared with the steel angle anchor, utilizing a larger portion of the high-strength capacity of the FRP material.
As a proof of concept of the tube anchor, Hiotakis et al. (2004) conducted an experiment on a flexurally strengthened shear wall specimen using vertical CFRP sheets. The shear wall specimens, dominated by flexure failure mode had the same geometry, were tested under the same cyclic loading protocol, and had identical steel/CFRP reinforcement ratios to the wall tested by Lombard et al. (2000) . The difference between the two shear wall specimens was the anchor system. Additional details on both experimental programs are available in Lombard et al. (2000) , Hiotakis et al. (2004), and Cruz-Noguez et al. (2014) . Figure 5 shows the improvement in the seismic performance of the FRP retrofit by comparing the hysteretic response and load-displacement curves for two shear wall specimens. As shown in the load-displacement curves ( Figure 5(b) ), the behavior of the two shear wall specimens in the elastic range is similar, with only minor differences in the initial stiffness, yield load, and yield displacement attributed to the in-situ material properties of the concrete, steel, and CFRP and the placement of the vertical steel reinforcement inside the wall, which has been shown to have an impact on the response of these wall specimens in the elastic range (CruzNoguez et al., 2014) . The post-yield response of the shear wall specimens shows that significant improvements in terms of strength, ductility, and energy dissipation capacity can be achieved when using the tube anchor compared with the angle anchor. Experimental observations also indicate that the FRP sheet was able to reach its ultimate tensile strength, maximizing the efficiency of the retrofitting system. Although experimental results by Hiotakis et al. (2004) suggest that the tube anchor system improved the efficiency of the FRP retrofit, this application of the tube anchor was a proof of concept, and thus was significantly over-designed. In this study, detailed finite element models are developed to better understand the performance of both anchor systems and develop a tube anchor design methodology.
Analytical modeling
To better understand the deformation mechanisms and performance of the steel angle and tube anchors, both anchors are modeled using the finite element software ABAQUS (Dassault Systemes, 2013) . In this study, the RC shear wall and externally bonded CFRP sheets are not modeled, only the steel components of the anchor systems are analyzed under the idealized load distribution from the CFRP sheets. This approach reduces the complexity of the finite element models and is justified as the focus of the investigation is the behavior and performance of the anchor system. The developed finite element modeling approach is used to further study the influence of different design parameters on the performance of the tube anchor and ultimately a design methodology is devised to produce more efficient tube anchor designs. Figure 6 shows the configuration of the steel angle and tube anchor finite element models, which matches the geometry of the anchors tested by Lombard et al. (2000) and Hiotakis et al. (2004) , respectively. The angle anchor is constructed of a L150x100x10 mm grade 350W steel angle section. Five 31.75 mm (1.25 in.) drop-in expansion anchors are used to connect the angle to the foundation of the shear wall test specimen. Alternatively, the tube anchor is constructed of a 76.2 mm (3 in.) heavy-walled steel pipe, which has a wall thickness of 12.7 mm (0.5 in.). Five 38.1 mm (1.5 in.) epoxy adhesive anchors are installed at a 45° angle to connect the steel tube to the foundation of the shear wall test specimen.
Model descriptions
The angle anchor is modeled using eight-node solid brick elements (CD3D8R). Analysis results from a mesh sensitivity study of the steel angle anchor show that the finite element model with a mesh size of 20 mm gives a difference of less than 2% in the maximum displacement of the anchor compared to the model with a smaller mesh size of 15 mm. As a result, a finite element model of mesh size 20 mm for the steel angle anchor was used. Because of the complex geometry of the tube anchor, it is modeled using a finer mesh of 10-node quadratic tetrahedral solid three-dimensional (3D) stress elements (C3D10). Figure 7 shows the mesh sensitivity analysis results for the tube anchor model. The results show that a 10 mm mesh size gives good results of less than 2% difference compared to a smaller mesh size of 5 mm. Consequently, a finite element model of mesh size 10 mm was used in the analysis of the tube anchor while maintaining computational efficiency. Contact between the steel anchor rods, steel angle/tube, and steel washers was modeled using a surface-to-surface penalty friction model in the tangential direction, assuming a coefficient of friction between steel materials of 0.2. Normal to the surface, the steel components were not permitted to penetrate one another. Numerical results showed that slippage between model components was minimal, which agrees with experimental observations during testing of the steel angle and tube anchors which did not show significant relative deformation between anchor rods, steel sections, and the steel washers.
The steel materials of both steel angle and steel tube anchors are modeled by a bilinear stressstrain model, assuming a steel yield strain of 0.002 and a constant yield plateau at a stress of 400 MPa. Boundary conditions applied to both models include full fixity of the steel anchor rods at their base, assuming that sufficient embedment length into the concrete foundation is provided, and no pullout of the anchor rods from the adjacent structural element occurs; however, the deformation of the portion of the anchor bolt extending out of the adjacent structural element is accounted for in the finite element model. In addition, the base of the steel angle and tube are restrained from displacing in the direction of the concrete foundation, which in the experiment acts as the supporting structural element.
The load applied to the anchor systems is based on an idealized loading condition for an inplane laterally loaded RC shear wall; flexurally strengthened using vertically oriented externally bonded FRP sheets. Figure 8(a) shows the idealized load distribution on the shear wall under inplane seismic load and out-of-plane blast load. Under out-of-plane blast load, it is assumed that the tensile stress carried by the vertical FRP laminate is constant over the length of the wall up to the ultimate tensile strength of the FRP laminate. This is a conservative assumption as it would produce the highest demand on the anchor system at the ultimate tensile capacity of the FRP material. Under in-plane lateral load (as was the case in studies by Lombard et al. (2000) and Hiotakis et al. (2004) , it is assumed that the tensile stress carried by the vertical FRP laminate varies linearly from the neutral axis of the shear wall. Analytical and experimental results by Hassan et al. (2013) and Woods et al. (2016) have shown that a linear distribution of stress in the FRP sheet is a good assumption up to the maximum load-carrying capacity of the shear wall and that the neutral axis typically lies somewhere between 70% and 85% of the shear wall length, depending on the aspect ratio of the wall, which is the ratio of its height to its length. It is assumed that minor variations in the load distribution would not significantly impact the behavior of the anchor system and a conservative neutral axis depth of 85% of the shear wall length is assumed for the analytical study. For a shear wall length of 1500 mm in the studies by Hiotakis et al. (2004) and Lombard et al. (2000) , this results in an assumed neutral axis depth of 0.85 = 0.85 1500 = 1275 l w ( ) mm mm. For both anchor systems, the stress carried by the vertical FRP sheets is transferred to the adjacent structural element through several steel anchor bolts installed along the length of the anchor. Between anchor bolts, the steel section is responsible for resisting the stresses carried by the FRP composite. Figure 8(b) shows the resulting pressure distribution over the cross section of each anchor.
The pressure is applied to each respective anchor over the area of steel in contact with the vertical FRP sheet. For the steel angle anchor, the vertical FRP sheets are bonded to the flange of the steel angle, resulting in a shear stress distribution along the length of the angle flange as the FRP sheet carries tensile stresses. Because specific information regarding the stress distribution along the angle flange is not available, a uniform stress distribution along the angle flange is assumed in this study. In this approach, the maximum shear stress acting on the flange of the steel angle ( ) τ max can be determined using equation (1) τ σ 
where σ u is the ultimate tensile capacity of the FRP composite material, t s is the thickness of a single layer of vertically oriented FRP, n s is the total number of vertically oriented FRP sheets supported by the anchor, and d f is the height of the flange in contact with the vertical FRP. For a single layer of vertically oriented CFRP in the study by Lombard et al. (2000) , using the net fiber area properties of the FRP that are available ( , ) t s u = 0.11 = 3480 mm MPa σ , this results in τ max = 2.55 MPa applied as a linearly decreasing distributed shear stress up to the neutral axis of the shear wall specimen.
Alternatively, for the tube anchor system, the maximum pressure acting over the base of the tube ( ) p max can be determined using equation (2) 
where r o is the outer radius of the steel tube. This results in p max = 13.86 MPa for a single layer of vertically oriented FRP composite in the study by Hiotakis et al. (2004) , once again using the net fiber area properties of the CFRP that are available ( ) t s u = 0.11 = 4800 mm, MPa σ . The calculated pressure is applied as a linearly decreasing pressure over the area of steel in contact with the vertical FRP sheet up to the neutral axis of the shear wall specimen. Figure 9 compares the deformed angle anchor from the finite element model with experimental observations. The analytical results confirm that the eccentricity between the force applied to the flange of the steel angle from the vertical CFRP sheet and the reaction force from the anchor bolts causes a prying action or rotation of the angle. Measurement from the test suggests that the maximum flange separation from the wall was approximately 20 mm. The analytical model predicts an ultimate displacement of 19.6 mm at 60% of the ultimate tensile capacity of the CFRP sheet at the edge of the wall. Unfortunately, there is no experimental data on the maximum strain achieved in the vertical CFRP sheet during tests conducted by Lombard et al. (2000) . Nonetheless, analytical results do confirm that the rotation of the angle flange occurs before the FRP sheet approaches its ultimate tensile capacity, which caused the decrease in load-carrying capacity of the shear wall with the angle anchor compared to the wall specimen with the tube anchor as shown in Figure 5 . More detrimentally, the initiation of premature debonding caused by the angle flange rotation causes the CFRP to buckle in compression and rupture, leading to a loss in ductility because the CFRP sheet can no longer contribute to the lateral load-carrying capacity of the shear wall. Analytical results from the tube anchor finite element model also correlate well with experimental observations from Hiotakis et al. (2004) . Figure 10 shows the deformed shape of the finite element model under the maximum load from the vertical CFRP sheet and compares it with the observed tube anchor behavior during the experimental test. During the test, it was noted that the tube anchor experienced very little displacement and no visible inelastic deformation under the applied load from a single sheet of CFRP. Comparing with the finite element model, the maximum tube displacement in the outermost tube anchor bay is 0.3 mm, which would not have been visible during the test. In addition, the maximum stress in the steel tube from the analytical model is approximately 40% of the yield strength of the steel material and the two outermost anchor bolts experience a maximum stress of 258 MPa (58% of their yield strength). Once again, there is no experimental data available on the maximum strain in the vertical CFRP sheet during (Lombard et al., 2000) .
Model results
the tests conducted by Hiotakis et al. (2004) . However, visual evidence from the test suggests that the vertical CFRP sheets were able to reach their ultimate tensile strength and rupture at the edges of the shear wall, shown in Figure 10 (b). Thus, analytical and experimental results suggest that the tube anchor remained elastic during the test, even up to the ultimate tensile strength of the CFRP sheet.
Tube anchor optimization
Experimental results have demonstrated the effectiveness of the tube anchor system in preventing premature debonding and allowing a large portion of the high strength capacity of the FRP sheets to be utilized. Experimental observations and analytical results also suggest that the tube anchor system employed by Hiotakis et al. (2004) was over-designed. Through the use of the previously discussed finite element modeling approach, a parametric study is conducted using different tube geometry and anchor bolt spacing. The goal of the parametric study is to improve the cost-efficiency of the tube anchor while maintaining the same level of performance.
To reduce the size of the finite element model and improve its computational efficiency, only a single section of the tube anchor is modeled, assuming once again full fixity at the base of the wall and that each anchor bay (between anchor rods) acts independently from one another. This reduction in model size also makes the results applicable to a wide range of anchor designs because, in most applications, the design of the tube anchor will be governed by the section of anchor which is under the highest load from the FRP sheet. Using the results of this parametric study, a designer is able to select an appropriate sized tube anchor for a specific anchor bay length. Figure 11(a) shows the typical single-bay anchor model in this study. Six different tube diameters ranging from 38.1 mm (1.5 in.) to 101.6 mm (4 in.) at 12.7 mm (0.5 in.) increments and three different wall thicknesses of 6.35 mm (0.25 in.), 12.7 mm (0.5 in.) and alternative solid steel rods are also considered. In addition, three different anchor bay lengths of 100 mm, 325 mm, and 500 mm measured centerto-center between anchor rods are studied. The models are subjected to a uniformly distributed pressure equivalent to the ultimate tensile capacity of a single sheet of vertically oriented FRP reinforcement (equation (2)).
Figure 11(a) shows the deformed shape and Von Mises stress distribution for a typical anchor model. As anticipated, the highest displacement occurs in the center of the tube while the highest steel stresses are in the anchor bolts. Figure 11(b) shows the maximum tube displacements for all of the anchor models plotted against the steel tube section modulus ( ) S I y = / . The three different anchor bay lengths are indicated by the shape and color of the markers in the graph. Results from the parametric study show that small stocky tube sections tend to perform better than large thin tubes because of the tendency of the large tubes to collapse under external pressure, causing warping of the round section. In addition, sections with an unsupported length of 500 mm between anchor bolts and a section modulus less than 20 experience significant yielding under the design load and are not shown on the graph. This suggests that unsupported lengths of 500 mm or greater should not be used where the distribution of pressure applied to the anchor is the largest. Selection of an appropriate tube size in the design of the tube anchor is assumed to be based on a maximum allowable displacement of the steel tube. This design parameter is quantified by analyzing the effects of the flexibility of the tube anchor on the stress profile in the FRP sheet. Figure  12 shows the single bay of the tube anchor under a linear stress profile from the FRP sheet. As the tube deforms, the FRP sheet relaxes between anchor rods, which results in a decrease in stress at mid-span. However, the stress between the anchor rods redistributes, resulting in an increase in stress at the locations of the anchor rods. As the tube continues to deform, higher stresses will ultimately lead to premature rupture of the FRP material at the anchor bolt locations. Based on this design assumption, the displacement of the tube can be related to a loss in potential load-carrying capacity of the FRP sheet, or efficiency of the tube anchor. The efficiency ( ) η anchor of a particular tube anchor system can be computed using equation (3) η σ where ∆ a is the maximum tube displacement, E f is the modulus of elasticity of the FRP composite material, and h is the height of the FRP sheet being anchored. Using equation (3) and the analytical displacement results shown in Figure 11 an optimal tube size can be selected by the designer based on the specific application and the desired efficiency of the anchor system.
Experimental validation
To validate the performance of an optimized tube anchor using the previously presented design methodology and compare its performance with an alternative anchor system, the optimized tube anchor is integrated as part of a larger experimental program on the in-plane seismic strengthening of deficient RC shear walls using externally bonded CFRP sheets. The shear wall specimens are designed according to older design standards (CSA A23.3-77 and ACI 318-68) and past experience has shown that the resulting designs from these standards have common deficiencies including insufficient shear reinforcement leading to brittle failure (ACI, 1968; CSA, 1977) . Figure 13 shows the two shear wall specimens tested in this study, which are referred to as walls W1 and W2. The vertical CFRP sheets in wall W1 are anchored using an optimized tube anchor design, while wall W2 uses an FRP fan anchor system. Walls W1 and W2 have identical geometry and steel reinforcement details. Each shear wall specimen has two layers of vertically oriented CFRP sheets for additional flexural reinforcement and six layers of horizontally oriented CFRP sheets for additional shear reinforcement. In wall W1, the CFRP sheets are evenly distributed on each face of the wall specimen (i.e. three horizontal CFRP layers and one vertical CFRP layer on each side of the wall). In contrast, wall W2 has all of the CFRP layers applied to one side of the wall only (i.e. six horizontal CFRP layers and two vertical CFRP layers on one side of the wall). This aspect of the experiment was introduced to better understand the effect that the distribution of the FRP material has on the seismic performance of a retrofitted RC shear wall. Results are useful for applications where only one side of a shear wall is accessible as may be encountered in actual field applications. Walls W1 and W2 are tested under an in-plane cyclic lateral load sequence to failure. Additional details on the experimental program can be found in Woods et al. (2016) .
Wall W1
In shear wall specimen W1, an optimal tube size is selected based on a desired efficiency (η anchor ) of 95%. This efficiency is selected to ensure that anchorage failure does not adversely affect the performance of the FRP retrofit. The target efficiency results in a maximum allowable tube anchor displacement of 1.0 mm according to equation (3). This is based on the gross laminate properties of the CFRP in this study, determined using tension coupon tests, and the dimensions of the shear wall specimen (E f = 82 GPa, σ u = 834 MPa, and h h w = =1800 mm). Steel anchor rods and a chemical anchor fastener are used to transfer the force carried by the vertical FRP sheet to the wall foundation. Adhesive-type anchor rods are preferred when compared to expansion or screw-type anchor because of their resistance to slippage before engaging the anchor. Based on the manufacturers design guidelines to transfer the force from a single layer of CFRP, six 25.4 mm (1 in.) anchor rods embedded 305 mm (12 in.) into the concrete foundation, which acts as the adjacent supporting structural element, are required. Assuming an equal anchor rod distribution for a shear wall length of 2100 mm, this results in a center-to-center anchor rod spacing of 420 mm. However, the spacing of the anchor rods is optimized to account for the linear variation in strain (or stress) carried by the FRP laminate (shown in Figure 8(a) ), causing higher pressures on the anchor at the edges of the wall. As a result, the anchor bolts near the center of the wall are shifted toward the wall edges, resulting in a reduced design anchor bay length of 300 mm. The optimal tube size under these conditions is selected using Figure 11 , assuming a maximum allowable displacement of 1.0 mm and an unsupported length of 300 mm. The resulting steel tube has an outer diameter of 50.8 mm (2 in.) and a wall thickness of 6.35 mm (0.25 in.); however, due to material availability, a slightly larger tube size with an outer diameter of 57.15 mm (2.25 in.) and a wall thickness of 9.53 mm (0.375 in.) is used in the experimental program. In comparison with the tube anchor used by Hiotakis et al. (2004) , the selected tube size corresponds to an approximately 45% reduction in tube area, leading to significant cost savings in the optimized design of the tube anchor.
Wall W2
To compare the performance of the tube anchor with an alternative anchor system, the vertical CFRP sheets in wall W2 are anchored using a series of CFRP fan anchors. The CFRP fan anchors measure 19.05 mm (0.75 in.) in diameter and 510 mm (20 in.) in length. As illustrated in Figure 13 , a total of 13 vertically oriented fan anchors spaced at 150 mm on center are installed along the base of the shear wall. Because wall W2 has two vertical layers of CFRP installed on a single side of the wall, the CFRP fan anchors are sandwiched between the two vertical CFRP layers. The fan anchor is first saturated in epoxy and one end is splayed over the surface of the first vertical CFRP layer. At the opposite end, the fibers of the fan anchor are bundled together and embedded 250 mm (10 in.) into the foundation of the wall at a 10° angle to the vertical. The second vertical CFRP layer is subsequently laid on top of the first. In addition to the vertical CFRP anchors, 11 smaller glass fiber-reinforced polymer (GFRP) fan anchors measuring 6.35 mm (0.25 in.) in diameter and 150 mm (6 in.) in length are installed in the horizontal direction to anchor the horizontal sheets at the edges of the shear wall (shown in Figure 13 ). Figure 14 compares the hysteretic response behavior for walls W1 and W2. Results show that at the global response level, both wall specimens perform comparably, with only minor differences in strength, ductility, and energy dissipation capacity. The initial stiffness of wall W1 is 394 kN/mm compared with 360 kN/mm for wall W2. The 9% difference in initial in-plane stiffness is not attributed to the different anchor systems but instead the distribution of the vertical FRP sheets on each side of the wall as well as the precise placement of the vertical flexural steel reinforcement inside the wall, which Cruz-Noguez et al. (2014) have noted can have an impact on the initial in-plane stiffness of a RC shear wall. Wall W1 reaches a maximum average lateral load-carrying capacity of 1500 kN and ultimate drift of 1.2%. In comparison, wall W2 has a maximum load-carrying capacity of 1400 kN and an ultimate drift of 1.05%. In terms of displacement ductility, which is taken as the ratio of the ultimate displacement to the yield displacement, wall W1 has a slightly higher displacement ductility of 2.91, compared to 2.57 for wall specimen W2. However, because wall specimen W2 had all of the FRP layers applied to a single side of the wall, in contrast with wall W1 which had an even distribution of FRP layers on each side of the wall, it is difficult to differentiate the influence of each anchor system on the global response behavior of each wall specimen.
Experimental results
A good measure for comparison of the performance of each anchor is the FRP strain profiles for the vertical CFRP sheet along the base of the wall. Figure 15 shows the vertical FRP strain profiles at three comparable lateral load levels for each wall. Note that similar behavior is observed in the opposite load direction, so only one load direction is shown for simplicity. Five strain gages installed directly on the vertical FRP layer 100 mm above the foundation along the length of each wall are used to monitor the strains in the vertical CFRP reinforcement. For wall W1, the results show a decrease in strain near the edge of the wall in tension. This strain loss is attributed to a wide sliding shear crack that developed along the base of the wall. The strain value closest to the edge of the wall in Figure 15 is over the portion of the FRP sheet outside or beyond the first anchor bolt of the wall where this part of the tube anchor behaves like a cantilever. The small part of the FRP sheet from the first anchor bolt to the edge of the wall is thus not as effectively anchored to the foundation as the rest of the FRP sheet. Thus, when the sliding shear crack is developed along the base of the wall, the FRP sheet is lifted up and relaxed from the base due to the overturning moment from the lateral load resulting in debonding of the FRP sheets from the concrete substrate near the edge of the wall. Figure 16(a) shows the sliding shear crack beneath the tube anchor and debonding between the FRP laminate and the concrete foundation. This behavior resulted in relaxation of the CFRP sheets close to the edges of the wall specimen. Away from the edge of the wall, the crack in the concrete at the wall-foundation interface is not as wide and does not cause relaxation of the vertical CFRP sheet, resulting in higher strain levels toward the interior of the wall. In future iterations of the tube anchor design, the first anchor rod should be placed as close as possible to the edge of the wall to reduce the unsupported length of the steel tube at the edges of the shear wall to prevent relaxation of the vertical CFRP sheets in these regions.
In wall W2, a similar loss in strain near the edge of the wall is observed; however, in this case, the loss in strain is attributed to slippage between the bundle of CFRP fibers and the concrete foundation. During testing of wall W2, small slippage between the bundles of CFRP fibers and the concrete foundation was observed, particularly close to the edge of the wall in tension during each load cycle. When under tension, the vertical fan anchors made a distinct "popping" noise as the bundled CFRP fibers slipped from the concrete hole, contributing to the loss in strain carried by the vertical CFRP sheets at these locations. At the ultimate load, the CFRP laminate and vertical anchors at the edges of the wall began to separate from the concrete substrate, as shown in Figure  16 (b), which could also have contributed to the loss in strain in these regions. In future FRP fan anchor designs, it is suggested an increase in embedment depth of the FRP dowel or an increase in the number of FRP fan anchors near the edges of the shear wall should be provided to prevent slippage in these regions.
Comparing the strain profiles in the two anchor systems away from the edge of the shear wall, tensile strains in wall W1 are comparatively higher, reaching a maximum tensile strains of 3000 µe compared to 1630 µe for the wall W2. This is once again attributed to the fact that some level of slip occurs between the fan anchor dowel and concrete hole depending on the tensile force carried by the CFRP sheets at that location, resulting in the lower tensile strains compared to wall W1. Alternatively, the vertical compressive strains in wall W2 are much higher compared to wall W1, reaching maximum compressive strains of 5360 µe and 2890 µe, respectively. This is attributed to the fact that there were eight layers of CFRP on only one side of wall W2, in addition to the fan anchors which were placed between vertical CFRP sheets. This created a much thicker layered composite section that was capable of achieving higher compressive strains prior to debonding and buckling of the FRP sheets in compression. The strain profiles in Figures 15(a) and (b) also show the location of the neutral axis for each shear wall specimen, which is very similar in both cases and is located at approximately 75% of the shear wall length. This lies within the suggested limits from past results discussed previously and confirms that the assumed neutral axis location of 0.85l w used in the design methodology for the tube anchor system was a conservative assumption for this study.
Finally, it should be noted that the maximum vertical tensile strain observed in the CFRP of walls W1 and W2 are much lower than the ultimate tensile strain of the CFRP laminate used in this study ( . %)  u = 0 1 . This is due to the fact that walls W1 and W2 are squat shear wall specimens, which are typically characterized as having an aspect ratio ( ) h l w w / less than 1.5. The aspect ratio for walls W1 and W2 is 0.85, which leads to high shear stresses causing failure before significant yielding of the flexural steel reinforcement and the development of large strains in the vertical CFRP composite. Both walls reached their yield loads, characterized by yielding of the vertical flexural reinforcement but failed in shear shortly thereafter. Figure 16 shows the damage sustained by both walls at failure and the FRP debonding progression for both tests. The FRP debonding progressions were monitored at the end of each load cycle throughout the test using a rubber hammer. By lightly taping on the surface of the wall, changes in the sound of the response indicate where the CFRP sheets have separated from the concrete substrate. In wall W1, FRP-concrete debonding occurs progressively, starting at the edges of the wall, and the debonded area becomes larger with each load cycle until failure. In wall W2, a similar final FRP-concrete debonding pattern is noted, but the separation of the CFRP sheet from the concrete substrate and the shear failure of the wall occurs suddenly, after brittle failure of the horizontal GFRP fan anchors along the edge of the wall (Figure 16(b) ). This shows that the presence of FRP anchorage can influence the failure mechanisms and observed failure pattern of an FRP retrofitted RC member, something that should be taken into consideration during the design of the FRP retrofit to ensure a brittle failure mode is not unintentionally introduced. Future experimental studies will test the tube anchor system in a flexurally dominant shear wall element and other RC members (beams, columns, and slabs) to get a better understanding of the behavior of the tube anchor at the ultimate tensile strength of the vertical FRP sheets and in other potential applications. In addition, future studies will also aim to assess the performance of the anchor system under dynamic loading, which is a better representation of a blast or impact event. Nonetheless, both anchor systems were shown to be effective in providing anchorage of the vertical CFRP sheets to increase the flexural capacity of the walls when compared to control shear walls tested without CFRP sheets. The design procedure for the tube anchor system is also shown to be successful in reaching optimal design of the tube anchor without the need to conduct detailed finite element simulations on the specific tube geometry and anchor bolt spacing.
Design methodology
Experimental results discussed in this article have shown that effective anchorage of vertical FRP sheets can contribute to an increase in strength, ductility, and energy dissipation capacity specifically in FRP retrofitted RC shear walls. These results are also reflected in modern design standards for the application of externally bonded FRP composites, which recognize that anchorage is an important aspect of an FRP retrofit (ACI, 2008; CSA, 2002) . However, these standards do not provide any guidance on the analysis or design of such a system. To overcome these limitations, a simple set of design steps are presented to assist in the implementation of the tube anchor in FRP retrofit applications. The design methodology is summarized in the following steps:
1. Determine the demands on the structural element that is to be strengthened (new structures) or retrofitted (existing structures) with FRP sheets. For a shear wall, this includes the axial load, lateral shear force, and overturning moment at the top of the shear wall. 2. For new construction, establish the load sharing between the steel reinforcement and FRP sheets so that the number of FRP sheets required for flexural/shear strength can be determined. In retrofit applications, the capacity of the existing member must be assessed and the number of FRP layers required is then based on the shear/flexural strengths required to meet the demands. 3. Based on the material properties of the FRP composite and number of layers requiring anchorage, calculate the total resultant load that must be transferred to an adjacent structural element based on the idealized ultimate stress distribution in the FRP sheet. For inplane loading, relevant for lateral wind or earthquake loading, this stress distribution is assumed to vary linearly up to the neutral axis of the retrofitted element. For RC shear walls, the distance to the neutral axis can be approximated using 75%-85% of the shear wall length. A constant stress distribution or point loading may be more appropriate for outof-plane loading, representative of wind, blast, or impact load. The total load should include strain rate effects for the material properties of the FRP (ultimate strength and tensile modulus) that have been reported in the literature by some researchers under dynamic loading (Pham and Hao, 2016) . 4. Determine the minimum number of anchor rods that are required to transfer the resultant load from the FRP sheet(s) to the adjacent structural element using the desired size and available embedment depth according the manufacturers recommendations. 5. Evenly distribute the anchor rods along the length of the structural element to determine the maximum unsupported length of the steel tube. For cases where the stress distribution in the FRP sheet varies along the elements length, anchor bolt spacing can be optimized such that they are more closely spaced in regions under higher stress.
6. Calculate the maximum allowable displacement of the anchor tube using equation (3) based on the desired efficiency of the anchor system. 7. Select an appropriately sized steel tube section to meet the allowable displacement criteria.
This can be determined through finite element simulations, experimental testing, or the simplified design chart shown in Figure 11 (b) if a single sheet of CFRP is used.
The list of steps presented above provides a simple design methodology for the tube anchor that can be used as an iterative procedure to determine the most efficient and economical tube anchor design. Figure 17 illustrates an application of the listed design steps in the FRP retrofit of a RC shear wall using externally bonded FRP sheets. Future work will aim to develop simple design charts for the tube anchor system, such that the designer can easily select an appropriately sized tube without the need to conduct detailed finite element analysis or experimental testing.
Conclusion
This article presented detailed experimental and analytical analyses on the behavior of a steel angle anchor and a steel tube anchor for applications in the FRP retrofit of RC structures. While the experimental validation presented herein focused on the in-plane strengthening of RC shear walls using externally bonded FRP sheets, the anchor systems is also applicable for out-of-plane loading from blast or impact loads, given that appropriate measures are taken to consider additional failure modes or changes in the material properties of the FRP under dynamic loading (strain rate effects).
Results of this study demonstrate the following:
• • The steel angle anchor system initiates premature debonding and leads to fracture of the FRP material because of an eccentricity in the load path which causes rotation or prying action of the angle flange. Observations by Lombard et al. (2000) have been verified through the use of a finite element model, which predicts rotation of the angle prior to the FRP sheet reaching its ultimate tensile capacity. • • The analytical results used to study the performance and behavioral characteristics of the tube anchor tested by Hiotakis et al. (2004) showed good correlation with experimental observations and also identified the inefficiency in the original tube anchor design. Using the same finite element modeling approach, a design methodology was developed and a parametric study was conducted on the geometry and anchor bolt spacing of the tube anchor system to optimized its design. • • The results from the parametric study were used in the design of a new tube anchor for the FRP retrofit of a RC shear wall. The performance of the tube anchor system was compared with an alternative fan anchor system and the experimental results demonstrate adequate performance of both anchor systems up to failure of the test specimens. • • A simple set of design steps for the tube anchor are presented. These steps provide guidance on the implementation of the tube anchor applicable for static and extreme loading events and briefly outlines the process required to design an effective tube anchor, something that is missing from current design standards.
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